Fast Forwarding with Network Processors by Lefèvre, Laurent et al.
Fast Forwarding with Network Processors
Laurent Lefe`vre, E. Lemoine, C. Pham, B. Tourancheau
To cite this version:
Laurent Lefe`vre, E. Lemoine, C. Pham, B. Tourancheau. Fast Forwarding with Network Pro-
cessors. RR-4710, INRIA. 2003. <inria-00071876>
HAL Id: inria-00071876
https://hal.inria.fr/inria-00071876
Submitted on 23 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.
IS
SN
 0
24
9-
63
99
 
 
 
 
 
 
 
IS
RN
 IN
RI
A/
RR
--4
71
0-
-F
R+
EN
G
ap por t  

de  r ech er ch e 
THÈME 1
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
Fast Forwarding with Network Processors
L. Lefèvre — E. Lemoine — C. Pham — B. Tourancheau
N° 4710
Janvier 2003
Unité de recherche INRIA Rhône-Alpes
655, avenue de l’Europe, 38330 Montbonnot-St-Martin (France)
Téléphone : +33 4 76 61 52 00 — Télécopie +33 4 76 61 52 52
  
	
	ﬀﬁﬂﬃ
	! "	$#ﬁ%&
	
'()'%*,+.-0/&12*436587$()'%*:9<;>=@?*A3B3C3D5FE()G
H8Iﬂ9D3D5)J(LKM;ﬂNL1CIﬂ?O4HL*PIﬂNQ3B3
RTSVUXWZYZ[]\_^%`bacYbd,egfhYijackga.ilUXWZYba
m)nloAp.Yi%q.rM^%q.s]tA^%uwvVx
^jdAyzyﬂo,nci|{gY
ncY2}SzYXn}SzY~ﬂLPP[2\:dA~PPYbn%Ł,,0\[bydA,Y2a
hbX4z,,
o,nlﬁd,nl{g~zDadDWZYb}SVd,~zacWo0ez~V{ ~¡WZd,~Pk<~zYXi.wo0nc¢6o0yYbnldAico,~Vab£)s|¤icSVo,ez0S¥d
nlYX0ez¤dAnjﬁo,nl¢ga.id4ilo0~adA¦z¤YicohyﬂYXnco,nlW§o,nlﬁd,nl{z~zho,yﬂYXnd4ico,~a|i
a¨ic¤¤Laceg©>YXna|nlo,WªyﬂoPo,n]yYbn¨«
o0ncW$d,~V}Y2a$%SzYX~¬}Xo,WZyVd,ncY2{<ilo<{gY2{g}bd4ilYb{¥SVd,nl{gTdAnlY­W$d,}Sz~zYbab£)q®~¡ilSzayVd,yYbnhﬁY¯a.ileV{gk icSzY
yﬂo0alac¦z¤°i.k$o,eVac~VrjYi.ﬁo,nl¢mFncog}Y2acaco,na]±²r|mwal³FicoZWZyznco40Y|ilSzY
}XdAydA¦z¤i.k$oAncYb,ez¤dAnﬁwo0nc¢ga¨ildA«
ilo0~Va8ilo
o,nlTdAn{{zdAildV£,´µY|yznlYbacYX~:iwdacWZyz¤Y|WZog{gYX¤ﬂdA~V{$d,~$YfgyﬂYXnlWZYX~:idA¤a¨ice{gk{zYXWZo,~Va¨icnd4il~V
ilSVd4i|Yb,Yb~hilSzo,ez0S¶r|mFa|d,ncY¤YbalaTyo4ﬁYXncez¤ilSVdA~­·|o:a.i|mFncog}Y2acaco,na±²·jmFal³TicSzYbk}Xd,~ho0ncTdAn{h{Vd4ild
WZo0ncYY¸}XYb~0il¤kicSVd,~­·jmFa%~¶a¨o0WY
acyY2}¹}}Xd0a¨Y2aX£
º¶»:¼>½l¾À¿
4Á,
r|Yi.ﬁo,nl¢$yznlog}Ybalaco,naXÂ:wo0nc¢ga¨ildAico,~QÂ:o,nlTdAn{g~V
Ã|Ä@ÅwÆwÄ@ÇTÈXÆwÉÊ:Ë
ÃcÃ
Ê,Ì0ÍÎÏbÐ:ÑFÉQÌ0Ò.ÓbÔgÕ
 
	
 #wÀ#w 
		$#ﬁ%&h	 	%%
ﬁﬀ ﬃﬂ ﬀ   d,nlY acezPnlY {gY2ah{go0~z~z`XY2a ±! #"$&%'$)(*,+.-g³Y2a.iez~zY o0y`bnldAico,~¥nl`ﬃ/:ezYb~0ilY {zd,~Va¤Yba
nl`bacYbd,egfd,}icezYb¤ab£1032XWZYa¨ez~VY]a¨ildAico,~{zYMilnldC4d,¤>}o0~:0YX~:ico,~V~zYX¤¤YMYba¨iT}bdAyVd,¦z¤Y]{54 Y©>Yb}icezYbn|}YXi¨icY
o0y`bnldAico,~{gYo,nlﬁd,nl{z~zÂ0¤YbaTyﬂYXnco,nlW$dA~V}XYbaﬁo,¦zicYX~PezY2aTyVdAn%}XYba%{gYbnc~zUXnlYba%aco,~:iT¤o0~¶{gY
}XYX¤¤Y2a%{gYba
W$d0}Sz~VYbaFacyﬂ`b}dA¤a¨`bYbab£76]dA~Vaw}YjndAyVyo0n¨i)~zo0eVaw`ice{go0~Va)¤dyﬂo0alac¦z¤°il`M{54 egic¤acYXnﬁ{gYbawyznloP}XYbala¨Ybezna
nl`bacYbd,ed,e~V0YbdAeZ{gY2a)}Xd,n¨ilYba8{54 ~:ilYXnc²d,}YTnl`bacYbd,edA¹V~{84 d,ez,WZYX~:ilYXn8¤Y%~z0Ybd,e{gY%yﬂYXnco,nlW$dA~V}XY%{gYba
a¨ildAico,~Va{gYﬁicndC4dA¤0yﬂo,eVn¤Ywo,nlﬁd,nl{g~z]{gYﬁ{zo,~z~z`bYbanl`bacYbdAe&£2rjo,eVayznl`bacYX~:ico0~Vaez~WZog{gUb¤PacWyV¤YTYi
eV~zYM`XiceV{zY]YXfgy`bncWZYX~:ild,¤Y{g`XWZo0~0ilnld,~:i9/:ezYW:2XWZY]ac¤YbaﬁyznloP}XYbala¨Ybezna)nl`bacYbdAed,}BilezYX¤aTa¨o0~:iﬁWZo,~Va
yﬂYXnco,nlW$dA~:ila;/0eVY ¤Ybayzncog}XYbala¨Ybeznla,`X~V`XndAegf¥{gYbaa.id4ilo0~Vah{gY icndC4dA¤j¤aa¨o0~:i}Xd,yVdA¦V¤Y2aXÂF{VdA~Va
}XYXncild,~zY2aT}o,~{g°ilo0~VabÂz{54 o0y`bncYbn%¤Yo0ncTdAn{g~zÀyV¤eVa|nld,yz{zYXWZYX~:i</:ezY¤Y2a%yznloP}XYbala¨YbeznaF0`X~z`bnld,egf£
=ﬃ¿ 2 ½ ?> ﬀ  m)nlog}YbalacYXeznaﬁnc`2a¨Y2dAeQÂga¨ild4ilo0~{zYicndCCd,¤@Â@ #"$&%'@$A(*,+B-
  ' 
"@$&%'$A(@*,+.-ﬁ% *	
 %"$$A"
#"@$ 
 ﬀﬂﬁﬃ! #"$ﬂ%&ﬁ'
RTSVYFo0ncTdAn{g~z|o,yﬂYXnd4ilo0~}Xo,~Vaca¨ilaoAﬂncY2}YbP~zM{zdAildjnco0W"icSzYﬁ~zYXi.wo0nc¢>Â2yYbn¨o0ncWZ~z]aco,WZYT}o0W«
yVegildAico,~<±²YX,Yb~:iceVd,¤¤khW$dA~V,¤~zicSzY{zd4id0³|d,~V{¶acYX~V{g~zhicSzY{zd4id$¦Vd,}¢icoicSzY~zYi.ﬁo,nl¢>£Vq iMajd
0YXnlk }Xo,WZWZo,~D~zYi.ﬁo,nl¢¯o0yYbnldAico,~µo,ez~{ ~ W$d,~:k WZYb}SVd,~zacW$a(&nco0egic~zVÂd,{z{zncY2aca]ilnld,~Va¨¤d4il~V
± rjs8R|³Â4yznco,icog}o0¤,ilnld,~Vac¤dAic~zV£CvPyY2}¹}ﬁSVdAn{gTdAnlY8W$d,}Sz~zYbaL}bdA~Àd0}SzYb,YFo,nlﬁd,nl{g~zjdAi0YXnlk]SV0S
acyﬂYXYb{QÂQ~zYX0YXncicSzYb¤Y2acabÂ¦ﬂYb}Xd,eVacYo,T}Xo0a¨iÀ}o0~Va¨{gYbnldAico,~QÂ>W$dA¢P~z­eVa¨Y$o,ﬁo,©«@icSVY«®a¨SzYb¤°%}o0WZyo0~zYX~:ila
\¡ﬁo,nl¢Pa¨ildAico,~m*)ﬁaﬁo,n%Yfzd,WyV¤Y\nlYXW$d,~Va%dAi¨ilnld0}Bic,Y0£Pq®~d0{z{gico,~QÂgo0~zYoAicSVYXnTWZoAic4d4ilo0~¦ﬂY«
SV~V{6m+)F«@¦d,acYb{Do0ncTdAn{g~z­WZd0}Sz~zYha-,Yfg¦V¤°i.k0£·jo4wYb,YbnbÂQea¨~z¯ﬁo,nl¢ga.id4ico,~Dm+)ﬁa~Va.ilYbd0{
o,{gY2{g}bd4ilYb{SdAn{gﬁd,ncYjWZd0}Sz~zYbawnld,acYbawyﬂYXnco,nlWZd,~V}YMalacezYba(:{zYbacyz°ilYoAQilSzYXnT~V}XncY2d,ac~Vyo4ﬁYXn
}XeznlncYb~0i,YX~VYXndA¤«@yzeVncyﬂo0acY$yznloP}XYbala¨o0nla
d,ncYh~zoAiZdA¦z¤Yilo¯²d,}XYiloP{VdCk 4 a~VYi.ﬁo,nl¢ ilSznco0ez,SVyzegib£u)¤Y«
4dAic~zZicSzYo,nlﬁd,nl{g~zyYbn¨o0ncW$d,~V}Y2aToALm+)ﬁa%iloZicSzo:a¨Y
o,L{gY2{g}Xd4ilYb{W$d,}Sz~zY2a%ncYbW$dA~Va%dZ,nlYbdAi
}SdA¤¤Yb~z,Y0£
s wo0nc¢ga¨ildAico,~Zo,nlTdAn{za){zdAildÀd0a)o0¤¤o4|aj±¹V,eVncY[0±²d:³¨³(:RTSzYr|YXi.wo0nc¢q®~:icYbn¨²d0}Y.)ﬁd,nl{¶± r|q)T³
yVez¤¤a&icSzYT{zd4id|~nlo,W icSVYF~zYXi.wo0nc¢>Âb}Xo,yzYbai~Szo:a.iWYbWZo,nlkZ±icSznlo,eV,S
ilSzYwq®~VyzegiBt0xMegicyVegi¦VeVal³
d,~V{~:icYbncnlezygiaicSzY%SVo0a¨i)yzncog}XYbala¨o0n&ilo
~zoAil°k°i)o,~zYb ~V}o0WZ~z
{zdAildV£4q ilSzY|{zd4ida8{zYba¨ic~zYb{ico
d,~zoAilSzYXn8~VoP{zY%~icSVY|~zYi.ﬁo,nl¢
ilSzY|·|o:a.i)m)nlog}Y2acaco,n%±²·jmw³8%¤¤zyYbn¨o0ncWﬃicSzYTo0ncTdAn{g~zdA¤,o,nlicSzW
±²nco0egic~z¶dA¤,o0ncicSVW o,nYXfzdAWZyz¤Y2³dA~{ ilnld,~Va¨YXnicSVY{zd4id­¦Vd,}¢¶ilo­icSzYrjq) ± icSVnco0ez,S icSzYhqct,x
¦VeVa%dA:dA~³B£zRTSzY2a¨Yo0yYbnldAico,~VaT}o:a.ijd¤oAi%~ilYXnlW$aToALyYbn¨o0ncW$dA~}Y,£
xM~zYdA¤icYXnl~VdAic,Y$a
ico¯o,nlﬁd,nl{µ{zd4id¯{gncY2}Bil¤k nco0W ilSzYrjq)MÂ&%icSzo0egiyVd0acac~z¶¦Pk ilSzYh·|m
±¹V,eVncYZ[0±²¦³¨³£VRTSza|aco,¤egico,~SVd,aﬁilSznlYXY
d,{g4d,~0idA0Yba(
/
icSzY¯{zdAildA«@yVdAicS a$acSzo,ncicYb~zYb{ ¦ﬂYb}Xd,eVacYilSzYo,nlﬁd,nl{zYb{<{Vd4ild a$~zoD¤o0~z,YbnZ¦Yb~zµilnld,~Va.YbncY2{
icSznlo,ez0ShilSzY
qct,x"¦zeVa0
/
}o0a¨ic¤kh}Xo,~:icYXf:i|ac%°i}Sz~z0a%{geVYicoZ~:ilYXnlncezyzila%dAnlY
dC,o0{gY2{10
/
°icSzY
~VYi.ﬁo,nl¢$aTeV¤¤« {zezyz¤YfhilSzYX~­i|aTyﬂo0alac¦z¤Y]icoa¨ild,n¨i%nlY«®a¨Yb~V{g~zÀilSzY
WZYbalacd,,Y]¦YXo,nlY
°i
SVd,a¦ﬂYXYb~ Yb~0ilnlYX¤k¯nlYb}XYX,Yb{ ~ icSVYr|q) 4 aWYbWZo,nlk6±²}ezi¨«@icSznlo,ez0S ilYb}Sz~V /:ezY$acWZ¤d,nicoicSzY

ndAWZY
^%YX¤dCkha¨icnd4icYb,k$o0~¤o,~z${ga¨ildA~}Y~zYi.ﬁo,nl¢P~V:³B£
Rog{zdCk 4 a$s]vPq)F«@¦d,acYb{ r|q)ﬁa$}Xd,~z~zo,io0ncTdAn{<{Vd4ildµ%icSzo0egi$yVd,alac~zD¦Pk ilSzY¯·|mLÂ8ilSzYXk dAnlY
{zYbac0~zYb{ ico6d,¤TdCkgaZ~:ilYXnlncezyzi$icSzY ·jm ncYb0d,nl{g¤YbalaoAicSVY¶i.kPyY¯o,MilSzY¯~V}o0WZ~z6{Vd4ildV£wvPo0WY
nlYb}XYX~:i$r|q)ﬁa­±Y0£ £23)wo0nl054@Â2 ^|dAW$04 ³YbWÀ¦ﬂYb{ d acoA«®}Xd,¤¤Yb{6rjYi.ﬁo,nl¢ m)nloP}XYbala¨o0n± r|mw³%Sz}S a
nlYbacyﬂo,~Vac¦V¤YToA}o0~:icnlo,¤¤~z]icSzY%~zyzeziwdA~V{Zo0egicyVegiF}SVdA~V~zYX¤aX£0RTSzYbacY|r|mFaFdAnlYTez¤¤kÀyVnco0,ndAWZW$dA¦z¤Y
ilSPeVa%dA¤¤o4%~zÂzd,}X}Xo,n{g~ziloa¨o0WY
acyY2}¹}]~zYXY2{ÂgilSzn{P« yVdAnci.kZico$WZog{gkilSzYr|q) 4 aT¦YbSVdCPo0nb£
RYb}Sz~V /:ezY2aÀo0nZWZyznlo4P~z wo0nc¢ga¨ildAico,~g« ¦Vd,acYb{ o0ncTdAn{g~z Y /0eVyzWZYb~0iaZdA¤ncY2d,{gkDYfga.i¶±²acYXY
2 67)ﬁ04&dA~{82 ´¬·jR9:;4³BÂgilSzYXkW$d,~z¤k$idA¢,Yd,{zCd,~:ildA0YMo,&ilSzY
¤d,nc0YMd,Wo0ez~:i%oAWZYbWo0nckhyzncY2a¨Yb~:i
o0~µicSzYhrjYi.ﬁo,nl¢ q®~:icYbn¨²d0}Y<)ﬁdAn{£xMeVno,¦gp.Y2}Bil0Y$aico¯dA¤aco­ildA¢0Yd,{g4d,~0idA0Yo,wilSzYhyVncog}Y2acac~z
yﬂo4ﬁYXn)yznlYbacYX~:i)o0~ZicSzY]r|q) dA~V{ilSzYX~hWo40Y%yznloAicog}Xo,¤a%±o,nwyVdAnci)oA>ilSzYXW³8o0~:ico
ilSzYjr|q)M£:m)nlo0n8ico
ilSzYjdAi¨icYbWZygiFoAo,©« ¤o:d,{g~z}Xo,WZyz¤YfÀeV~V}Bilo0~Va)o0~0iloicSzYMr|q)<°iﬁa)~zYb}XYbalacd,nck
iloÀ{gYXicYXnlWZ~VY|WZo,nlY
yVncY2}a¨Yb¤kZ%SVdAiT}bdA~YX©ﬂY2}Bic,Yb¤k$¦ﬂYoA©ﬂ«@¤o0d0{gYb{Q£:RTSzaﬁyVdAyﬂYXnwog}eVacYbaﬁo0~icSVYjo0ncTdAn{g~zo,yﬂYXnd4ilo0~
d,~V{ZilncYbaFico{gYilYXnlW~zYM°QilSzYjea¨YMoAQ~zYXi.wo0nc¢yznloP}XYbala¨o0nla8o,nwo,nlﬁd,nl{g~z{zdAild±=#  #"$&%'@$A(*,+B-g³
}bdA~$¤Ybd0{Zico¦YXi¨icYbnwyﬂYXnco,nlW$dA~V}XYba)icSVd,~h}¤d,ala¨}Xd,¤zo0ncTdAn{g~z
ac}SzYbWZYbaweVa¨~z
ilSzY]Szo0a¨iFyznlog}Ybalaco,na
±=>#  #"$&%'$)(*,+.-g³£@?]0YX~ZilSVd4i)ilog{zdCk 4 a)rjmFaFd,ncY%WeV}Sac¤o4ﬁYXnLilSVdA~·jmFa)ﬁY%icnlkÀSVYXnlY%ico
YbCd,¤ed4icY
ÆwÆ ÍﬀACB;D;EF
   
   $
  
 "*,+C
   '	
 "1$A'+C @
)'
 HP RAM
memory bus
NIC
I/O bus
network
Workstation
2
3
4
1 5
 Ïﬁﬀﬃﬂ !#"$
NP RAM
NIC
 HP RAM
memory bus
I/O bus
network
Workstation
1 2
 Ð%'&ﬁﬀﬃﬂ !#"$
(')+*-,./,0-132
! 4
2

2
"3576ﬁ5
298
6:!#";5
1327<
=ﬀﬃﬂ>!#"$?
8@2
 ﬂ5A!B"DC
SVo46WÀeV}S}o0WyVegildAico,~ilSzYTr|m }Xd,~ÀSVd,~V{g¤Yw%Sz¤Yw¢0YXYXyV~zr|m o,nlTdAn{g~V|yYbn¨o0ncW$d,~V}Y2ad,¦o40Y
ilSzo0acYÀo,w·|m o,nlTdAn{g~VV£Ro4TdAn{zaTicSVaYb~V{¯ﬁYÀSVdC0YÀ¦zeV¤idacWZyz¤YWZog{gYb¤o,)icSVYÀo0ncTdAn{g~z
o0yYbnldAico,~ZdA~V{4dA¤{Vd4icY2{icSza8WZog{gYX¤z%icSdacoA i.TdAnlYwyVnco,icoAi.kPyﬂYT¦Vd,acYb{o,~:0¶kPnl~zYXiBtE&sjrMdAVrjq)
± 2 F )

9@G4 ³£
RTSzaydAyﬂYXnÀa
o0egic¤~VYb{ d,ao,¤¤o4|a(&acYb}ico,~6ŁyznlYbacYX~:ilad a¨WZyz¤YhWog{gYb¤Fo,ﬁilSzY$o0ncTdAn{g~z
o0yYbnldAico,~ dA~{ ,,Y2aÀaco,WZYnlYbacez¤°iaX£LvPYb}ico,~< {gYbal}nl¦Y2ao,eVnÀyznloAiloAi.kPyYhWZyz¤YXWZYX~:id4ico,~ %icS
ilSzYYfgyYbncYX~}YbaMﬁYÀSVdC0Y}o0~V{geV}icY2{ dA~{¯,,Y2ajaco,WZYÀnlYbacez¤ila}o0ncnlo,¦ﬂo,nd4il~VilSzYZncY2a¨eV¤°iajo,)icSzY
WZog{gYb¤ £gvPYb}ico,~ÀyznlYbacYX~:ilawa¨o0WZYjnlYX¤d4icY2{Zwo0nc¢gawdA~V{acYb}ico,~HGÀ}o0~V}¤eV{gY2awd,~V{dA~V~zo,ez~}YbaFegilezncY
ﬁo,nl¢gaX£
I Jﬁ DKL @ﬃ#% NMPO ﬁﬃNQSR
RTSVa|acYb}ico,~­yznlYbacYX~:ila%d$acWyV¤Yo0ncTdAn{g~zWZog{gYb¤QicoZ¹,eznlYo,egi|)r|m¥o,nlTdAn{g~V}bdA~­¤Y2d,{ico
¦ﬂYicicYbn|yYbn¨o0ncW$d,~V}Y2aFilSVdA~¶·jm o0ncTdAn{g~zV£
TVUXW Y
¿
2gZ
¿-[

E&Yi]\_^ﬀd,~V{`\_a ¦Y icSzY icWZYbaYX¤dAya¨Y2{¡~ icSzY o,nlTdAn{g~V ~zog{gY o0ndcbB«@¦Pk:icY WZYbalacd,,Y¶o0nbÂ
nlYbacyﬂYb}Bil0YX¤k,Â8r|m o0ncTdAn{g~z d,~V{ ·|m o,nlﬁd,nl{z~z£d\e^ d,~V{f\ea d,ncYicSVY­i.woDyVd,nld,WYXicYbnlawY
TdA~:i8ilo}o,WZyVd,ncY%~ZicSVawa.ileV{gk,£:RTSzY|o,icSzYbn)yVdAndAWZYXicYXnaL~0ilncog{ge}Yb{¦PkicSzY|WZog{gYb¤dAnlY%yznlYbacYX~:icY2{
~ild,¦z¤Y$[0£zq®~¶o,n{gYbnTico$yzyYb¤~zYÀd,¤¤QicSzYa¨ild,,YbaTo,)dWZY2acaldA0YMilnld,~Va¨YXn2ÂzWZo0a¨i|oA8}o,WZWez~z}Xd4ilo0~
yVnco,icog}o0¤a|}Xegijo0egiM¦zWZYbalaldA,Y2aT~ yVd,}¢0Yilab£DgSh	iBbj%dA~{lkmiAbj|}SVdAnd,}icYXnl+nXY]icSzaj}Xegi¨il~VV£ﬂq®~¶icSzY
Ä@ÅﬁÆFÄ Ç
  ' 
"@$&%'$A(@*,+.-ﬁ% *	
 %"$$A"
#"@$ G
 
ÏÒ¨Ï
Õ.ÕcÒ TÕÑcÒ	°Ô
	 Ó2Í

	
Õ.Ó]Ò.ÕlÕCÕ

Ðﬁﬀ.ÕÑﬃﬂÒ.ÓÍ:Õ !LÓXÒ	"#.ÓMÅﬁÄ%$
&'(
	
Õ.ÓÑ®ÕÍ*)

Ðﬁﬀ
.ÕlÑﬃﬂÒ.Ó ÅwÄ$+.ÓÍ0Õ!ÓbÒ	"
-,%.
	
Õ.Ó/®Ò¨ÏXÍ:Ñ%ﬂÕcÒ

Ðﬁﬀ.ÕÑ8Ó2Í0	10ÕTÄ®ÈbË 
 
$Ä>Ð:Ì:Ñ
324 5 6 7
Ï89bÓbÒ	:	1*<; ÑFÕ=,ÕÌ>	 ÓbÍ?	
ÕTÓ2Í?	1:ÕA@
 
324 5 6 B
Ï89bÓbÒ	:	1*<; ÑFÕ=,ÕÌ>	 ÓbÍ?	
ÕTÓ2Í?	1:ÕTÅ
 
3CEDF
ÍAÌ*MÐgÕlÒ8Óﬂ>ÔPÏG"CÕ.ÑH Í$Ï
D I
Ðﬁﬀ.Õ
ÕÑ®Ñ.ÏJ92Õ
KFL
ED
ÔPÏJ "2Õ)ÑMÕ  °ÍÐﬁﬀ
.ÕlÑﬁNﬂÓbÒwÏ
DGI
Ðﬁﬀ
.ÕO
ÕÑ®Ñ.Ï9bÕ
PRQ*SUTWV ./,
 ﬂ ﬂJX
2
5
2
ﬁ6 
<
5
1@2ﬃ<
ﬁﬀﬃﬂ !#"$YX  
2Z
o0¤¤o4%~zﬁYjd,ala¨eVWY|icSVdAiwilSzYjWZYbalaldA,Y|ac+nXYjaﬁd
WÀez¤icyz¤YMo,icSzYMyVd,}¢0Yiwac+nXY,Â0icSVYXnlYo,nlY|ﬁY|SVdC0Y
b\[`gShiAbj] kmiAbj£  o0n%~zo,~¶}ezi|WY2acaldA0YbabÂ/k miAbj^[ bd,~V{ gShiAbj^[`_0£
TVU#T
= ¿
Á
»
>
RTSVY·jm¥o,nlﬁd,nl{z~zÀicWZYo,n|dbB« ¦:k:ilYMWZYbalaldA,Y]a%,,Yb~¦PkC(
\_a [`\Ubc%d/iAbjo40YXnl¤d,yzyY2{%icS \ec%fﬁiAbj
g
\ihjkmlﬁa
g
\nbc%d3iAbjo40YXnl¤d,yzyY2{%icS \iop
q@iAbj
RTSVY¶icYbncWsr1"	;
#$Ft 'u
u@
 (¡%icS-v¯~V{g}XdAicYbaicSVdAiicSVY¯icndA~a.Ybn$icWZYba¦YXi.wYbYX~¥icSVY r|q)§d,~V{ icSzY
~VYi.ﬁo,nl¢ﬂÂ0dA~V{Z¦ﬂYi.ﬁYXYb~ZicSzYjrjq) dA~V{ilSzYM·jo0a¨iFo4,Ybnc¤dAy­± ilnld,~Va¨YXna)dAnlY%yzyYb¤~zYb{³B£gRTSzY%o0¤¤o4%~V
YXfgyzncY2acaco,~h00Yba \_ad,a%dez~V}ico,~­oAicSVY
yzyﬂYX¤~zY}SVdAnd,}icYbnca.il}baM±XgSh	iAbjTd,~V{]kmiAbjc³(
\_a [ \nbc%d3i9k miAbj=j
g
iBgShiAbjﬃwx_ j]zy|{ﬁ} iX\nbc%d/i9k miAbj=jF~ﬁ\ec%fﬁi k m-iBbjﬁjﬁj
g
\ec%fﬁi9k miAbj=j
g
\ihjkml=a
g
\ec%fﬁi9k miAbj=j
g
iBgShiAbjﬃwx_ j]zy|{ﬁ} iX\eJc%f i9k miAbj=jF~ﬁ\iop>q i kmiAbj=jﬁj
g
\
op
q
i9k miAbj=jF
´µY<d0acacezWZYDicSVdAi¯icSVY icWZYba¶ilo¬nlYb}Yb0Yµnco0W icSVY6~zYi.ﬁo,nl¢¬ilo¥icSzY r|q)ﬀdA~V{ ilo acYX~V{ nlo,W
ilSzY­r|q)ilo¯icSVY~zYXi.wo0nc¢ d,ncYY /:eVdA¤=0ﬁY~zoAilYicSVaicWZYH\np
B£LRTSPeVabÂo,nZd k m-iBbj « ¦Pk0ilYhyVd0}¢,YXi
ﬁYµSVdC,Y\np
% i9k miAbjﬁj[ \nbc%d@i k m-iBbjﬁj[ \iop
q@i9k miAbjﬁj£%´ Y d,¤aco d0acacezWZY¯ilSVd4i­ilSzY qct,xﬀ¦zea­a
o40YXnc« {zWZYX~a¨o,~zY2{¯}o0WZyVdAnlYb{ ico­ilSzY$~zYi.ﬁo,nl¢C0wYZSVdC0YicSzYb~y|{} iX\Ubc%d3i9k m-iBbjﬁjm~ﬁ\ec%fﬁi9k miAbj=jﬁjY[
\nbc%d@i k m-iBbjﬁjwdA~V{y<{} iX\ec%f=i9k m-iBbjﬁjm~ﬁ\iop
q3i9k miAbj=jﬁj^[ \no	p
q i k m-iBbjﬁjB£gRTSzaTd,ala¨eVWyzico,~awicnlezY|o0nﬁnlY«
}XYX~:ijm+)wq%¦VeVa|ilYb}Sz~Vo,¤o,,kdA~V{­%¤¤&nlYXW$dA~­icnlezYo0n|~zYXf:i]qct,xﬃ~0ilYXn}o0~z~zYb}i%icY2}Sz~zo,¤o,0Y2a±m*)wq
ÆwÆ ÍﬀACB;D;EF
   
   $
  
 "*,+C
   '	
 "1$A'+C @
)'
 dA~{¶q®~g¹V~z¦Vd,~V{¶o0nM~Va¨ildA~}Y2³£_Fwk¶}Xo,~Vac{zYXnl~zicSzY2a¨YZd,ala¨eVWyzico,~VajicSzYZ·|m o,nlﬁd,nl{z~zZilWZY
o0n|d bB«@¦Pk:icYWZYbalacd,,Y]¦Y2}o0WY2a(
\_a [ gShiAbj] \Up>%i9k miAbjﬁj
g
 \ec%fﬁi9k miAbj=j
g
\ihjkml=a#
 o,nFrjm o,nlﬁd,nl{z~zMi.ﬁo}Xd,acYbaLWeVa¨iF¦YM}o,~a¨{gYXnlYb{Q£,RTSzYT¹Vna.iﬁ}Xd,acYTaF%SzYX~ZilSzYjrjq) nlYb}XYX,Yba
ilSzYYb~0ilnlYWZYbalaldA,Y
~¯ilajWYbWZo,nlk¦ﬂYo0ncYacYX~V{z~zh°i]¦Vd,}¢ico$ilSzY~zYXi.wo0nc¢µ±  "$
 '+ (  #"$&%'@$A(
}bd,acY2³£  o0n|YfzdAWZyz¤Y,ÂzicSzaj}bd,acY]og}b}ezna%%SzYb~­icSzYÀ}SVYb}¢ga¨eVWoALicSVYWZYbalacd,,YWÀeVa¨ij¦ﬂYÀ}Xd,¤}Xez¤d4icY2{
d,~V{~a¨Ybn¨ilYb{~­ilSzYWZYbalaldA,YSzY2d,{gYbnb£RTSzYÀacYb}o0~V{­}Xd0a¨Ya|%SzYb~­icSzY
¦ﬂYX0~z~V~zhoAicSzYWZY2acaldA0Y
}bdA~¯¦ﬂYZa¨Yb~0i]¦Vd,}¢ilohilSzY~VYi.ﬁo,nl¢¦ﬂYo0ncYÀicSzYWZYbalacd,,YSVd0aj¦ﬂYXYb~ Yb~0ilnlYX¤k­ncY2}Yb0Yb{¶~¯ilSzYrjq)
WZYbWo0nck¯± ﬀ  B$A"?-5­}bd,acY2³£  o,nTilSzYa¨ico,nlY«®dA~{P« o0ncTdAn{$}Xd0a¨Y0Â%\ ^ aT00YX~¦:kC(
\e^ [ gSh	iBbjA]H\np
 i k m-iBbjﬁj
g
\nhFjkmlﬁ^?
 o,nTilSzY}egic« ilSznlo,ez0S}Xd0a¨Y0Âg°i|a%00YX~h¦PkC(
\_^a[ iXgSh	iAbj
g
_ j] \np
%i kmiAbj=j
g
\ihj kFl=^?
TVU	
h»
 ﬂ >²b
iX\_a wf\_^ j
ailSzYﬁ/:eVd,~:ici.k ilSVd4iZdA¤¤o4|aÀeVaÀico {zYicYbncWZ~zYh%SVYicSVYXn°ia¦Yb~zY¹ﬂ}dA¤wico {zo r|m
o0ncTdAn{g~zho0n
~zoAi2£Qq  iB\_a w \_^ j]a
yﬂo0ac°il0YilSzYX~ rjm o0ncTdAn{g~zyYbn¨o0ncW$a]¦YXi¨ilYXn
ilSVdA~ ·|m
o0ncTdAn{g~zVÂ:oAilSzYXnl%a¨Y
·|m o0ncTdAn{g~zyﬂYXnco,nlW$aT¦YXi¨ilYXn2£


 "@$
 '+ (  #"$&%'@$A(	 ';

\
a
w\
^
[ \
hjkml=a
g
 \
eJc%f
i9k miAbjﬁjRw\
hjkml=^

q iZileznc~a$o,egiZilSVd4i$ilSzY¶a.ilo,nlY«®dA~V{P«@o,nlTdAn{ }Xd,acYaZ~zo,i,YbnckD²dC0o,ndA¦z¤Yilo ilSzY¯r|m o0ncTdAn{g~z
a¨icnd4ilYX0k$(AicSzY|yd,}¢,YXiwac nbY,Â3k miAbjÂ,¦ﬂYX~zÀacWZd,¤¤@ÂAilSzY /:eVd,~:ici.k?\ec%fﬁi9k miAbj=j8aFdA¤acoa¨W$dA¤¤@£0RTSzYbncYXo,nlY
Yb6SzY2d,{gnloPo,W"ncYbW$dA~Vao,nicSzYﬁYfgY2}egilo0~ÀoAicSzYTdA¤,o0ncicSVW£	E&Yi%icSVY9/:eVd,~0il°i.k \ihj kFl=^zw \ihjkml=aÀ£
´µY}Xd,~{zYb{geV}XYicSzYo,n%%Sz}S­wYSVdC0Y \
a
[`\
^
ÂzﬁY~zoAilY°i,£
\ea w \_^a[  

[ \eJc%f=i9k miAbjﬁjm
q ilSzYMd,¤0o,nl°ilSzWﬃaFaceV}S$ilSVd4i \
hFjkmlﬁ^
wH\
hjkmlﬁa
TicSzYb~h·|m<o,nlﬁd,nl{g~zyﬂYXnco,nlWZaF¦YXi¨ilYXnwicSVd,~
rjm o,nlﬁd,nl{g~zÂ:o,icSzYbnc%acYjilSzY
¤dAi¨ilYXn%yﬂYXnco,nlWZaT¦ﬂYicicYbnb£

ﬀ 1$A"	?-
\ea w \_^ [ \nhFjkmlﬁa
g
 \eJc%f=i9k miAbjﬁj
g
iBgSh	iBbjRw _j]H\np
i9k m-iBbjﬁj
w\
hjkmlﬀ

Ä@ÅﬁÆFÄ Ç
  ' 
"@$&%'$A(@*,+.-ﬁ% *	
 %"$$A"
#"@$ 
 
ÏXÒ¨Ï
Õ .ÕlÒ  ÏJ8 Ì:Õ
D 	
ﬀ.ÕÑ
KmL
EDF 

ﬀ.ÕÑ
CEDF 
-,.%
KmL
EDF 
K
 ' 
KmL
EDF 
K
PRQ*SUTWV ,ﬀ
ﬂ
Z ﬁ32

<
5
132
!#"
8ﬂﬁ
5
8
ﬂ ﬂJX
2
5
2
ﬁ6
<
ﬃ! "#$&%('5
2
X
2
6 6=ﬂ $
2
6 C
 
ÏÒ¨Ï
Õ.ÕlÒ  Ï8 Ì:Õ
)*
 Ñ%.ÓbÒ.Õ
I
ÏbÍ*)
I
ﬂÓXÒ!8ÏÒG)/

K
)
*
 Ì>
I
	10Ò.ÓbÌ*91% +,

K
PRQ*SUTWV.- ,0/'2
6
ﬁ
Z
5A6
<
ﬃ! "#$&%('5
2
X
2
6 6=ﬂ $
2
6 C

o,nTilSzY}egic« ilSznlo,ez0SicY2}Sz~z /:ezY4ÂV~:icnlog{geV}XYb{yzncYbPo0eVa¨¤k,ÂPa%,,Yb~¦PkC(
\_a w\e^ [  

[ \ec%fﬁi kmiAbj=j
g
iXgSh	iAbjRwx_ j_\Up>% i9k m-iBbjﬁjm
Z~DilSzY}egic« ilSznlo,ez0Sµ}bd,acY$a
0ncY2d4ilYXn]icSVd,~DyzncYbPo0eVa¨¤k¶o0n
icSzYa¨ico0ncYX« d,~V{P«@o,nlﬁd,nl{ }Xd,acY,£QRTSVa
nlYbacez¤i]acSzo4|a%ilSVd4i]icSVY}Xegi¨«@icSznlo,eV,S }bd,acYÀajWeV}S WZo,nlY
²dC0o,ndA¦z¤Y
icor|m o,nlﬁd,nl{g~z$ilSVdA~ icSzY
a¨ico0ncYX« d,~V{P«@o,nlﬁd,nl{$}bd,acY,£
TVU21 354
 76>
»
´µY$yznlYbacYX~:iSzYbncYicSVYncY2a¨eV¤°iaoATo,eznacWZyz¤YWZog{gYX¤)o,n
WZYbalacd,,Y2aoAﬀ83_9 ¦Pk:icY2a0&wYZ%¤¤w¤dAicYXn
± a¨Y2}Bilo0~­V£ P³ﬁ}o,WZyVd,ncY]ilSzYbacY
ncY2a¨eV¤°iaTicoZilSzo0acY
oAicSzY
YXfgyYbncWZYX~:ild,¤&a.ileV{gk0£VRd,¦z¤YÀŁZa¨ezWZW$dAnl+nXYba
ilSzY$4dA¤ezYbaeVa¨Y2{ o,nicSVY~VyzegiÀyVd,nld,WZYicYbnlab£Vk m-iBbjdA~V{ gSh	iAbj{zYXyﬂYX~V{zaÀo,~ icSzY}o,WZWez~z}Xd4ilo0~
ackga.ilYXW 0zilSzYÀ4d,¤ezY2ajo, k m-iBbj%dA~V{]gShiAbj%00YX~¶~¶ild,¦z¤YŁd,ncYilSzo0acYÀo,8icSzYFwq®m }o,WZWez~z}Xd4ilo0~
ackga.ilYXW ± 2 mwR9 :;4³BÂVwY
%¤¤acdCkWZo0ncY
dA¦ﬂo,ezi:Fﬁq®m¡~¶a¨Y2}Bico,~­z£%\
ec%f
i9k m-iBbjﬁjﬁdA~{H\
p

i k m-iBbjﬁjﬁSVdC0Y
¦ﬂYXYb~$WZYbd,aceznlYb{o,~$dmLYX~:icezW q¨qcqm*) ±;: ?0¶SDnC³%°ilSd E&sjrMdA 9z£ ŁZ± ?0¯SDn2³0¶kPnl~zYXiwr|q)<dA~{
d<:=,¦zilaBt>:?:?0¶SDnMm+)wqﬁ¦zeVab£
RdA¦z¤Y,,Yba|icSzYncY2a¨eV¤°ia|oA8ilSzYÀWZog{gYb¤&o0n|icSVYa¨ico,nlY«®dA~{P« o0ncTdAn{hd,~V{¯}Xegi¨«@icSznlo,eV,S¯}Xd0a¨Y2aX£
RTSVYi.woZ4dA¤ezYbajdAnlY}bdA¤}ez¤d4ilYb{eVac~VZicSzYYXfgyzncY2acaco,~VaﬁoA
{zYXnl0Yb{yzncYbPo0eVa¨¤k,£

o,n%ilSzYa¨ico,nlY«
d,~V{P«@o,nlﬁd,nl{icY2}Sz~z /0eVY,Â4ilSzY|a¨WZyz¤Y|WZoP{zYX¤ValdCkgaicSVdAi)° ± icSVYj{g©ﬂYbncYb~V}Y%¦ﬂYi.ﬁYXYb~ilSzY%YfgY2}egilo0~
ilWZYoA)ilSzYo,nlﬁd,nl{g~zd,¤0o,nl°ilSzWª%SzYX~ YfgYb}XegicY2{¯o,~¯icSzYZr|m"dA~V{¶icSzYYfgYb}Xegico,~ icWZYo,)icSzY
o0ncTdAn{g~zdA¤,o0ncicSVW %SzYb~¯YfgY2}egilYb{¶o0~¶icSzYZ·|mﬁ³|aj0ncY2d4ilYXn|ilSVdA~ >@SkicSVYX~ ·jm¬o0ncTdAn{g~z
00Yba¦ﬂYi¨ilYXn)yﬂYXnco,nlW$dA~V}XYFilSVdA~$rjm o0ncTdAn{g~zV£A|~{gYXn8ilSzaicSznlYbacSzo,¤{r|mµo,nlﬁd,nl{z~z]yﬂYXnco,nlWZa
¦ﬂYicicYbnb£

o,n]icSzY}Xegi¨«@icSVnco0ez,S icYb}SV~z /:ezY0ÂﬂicSzY$WZog{gYX¤)aldCkga|ilSVd4irjm o0ncTdAn{g~zh¤Ybd0{zaMico­¦ﬂYi¨ilYXn
yﬂYXnco,nlW$dA~V}XYLo,nd Tezy
iloB:ﬂC>@Sk0£XRTSzYbacYF~PezWZYbnc}Xd,¤AncY2a¨eV¤°ia&}o0~g¹VnlW ilSzY)²d0}BiicSVdAi&icSVYw}ezi¨«@icSznlo,ez0S
ilYb}Sz~V /:ezY¤Ybd,{Vaﬁico$WÀe}S¦ﬂYicicYXnjyYbn¨o0ncW$dA~}YbawilSVdA~icSVYa.ilo,nlY«®dA~V{P«@o,nlTdAn{icYb}SV~z /:ezY0£
ÆwÆ ÍﬀACB;D;EF
:   
   $
  
 "*,+C
   '	
 "1$A'+C @
)'
algo
NIC NIC NIC
source PC forwarding PC destination PC
bip_recv()
(route: source PC
id: BIPID) network
bip_send()
(route: forwarding PC
id: BIPID)
(')+*,  , 
ﬂ5Xﬂ
8
ﬂ5
1 <
  
<
=ﬀﬃﬂ>!#"	$	C
algo
bip_send_forward()
NIC NIC NIC
source PC forwarding PC destination PC
bip_recv()
id: FORWARDID)
(route: forwarding PC (route: source PC
id: BIPID) network
(')+*,
-
, 
ﬂ5Xﬂ
8
ﬂ5
1 <
 & 
<
=ﬀﬃﬂ>!#"	$	C
  Q @%ﬁO Q %L R	ﬂ !ﬃ

RTSVa%acYb}ico,~yzncY2a¨Yb~:ilawicSzY
YXfgyYbncWZYX~:ild,¤ﬂnlYbacez¤ilaT%SzYb~¶}o,WZyVd,nc~zr|m o,nlﬁd,nl{z~zZdA~{·jm o0n¨«
TdAn{g~zTWZyz¤YXWZYb~0id4ilo0~VaX£Xq i&¦Yb,~Va¦Pk]yzncY2a¨Yb~:ic~zﬁicSzY8ilYba¨ic¦ﬂYb{
}Xo,~g¹V0eznd4ico,~dA~{¦:k]{gYbal}nl¦z~V
ilSzY}Xo,~V{zeV}BilYb{¶YXfPyﬂYXnlYX~V}XYba]dA~V{­ilSzYacoA i.TdAnlYyznloAiloAi.kPyﬂYwYSVdC,YÀncY2dA¤ nbYb{£q ij¹V~Vd,¤¤k¶}o0WydAnlY
ilSzY
YfgyﬂYXnlWZYb~0idA¤nlYbacez¤ilaﬁicoilSzo0acYyznco4P{gYb{¦Pk$icSVYa¨WZyz¤Y
WZog{gYb¤ £
SUXW 
»
bX
»
Á¥
¿[
ﬂ&4g Z
¿[
RTSVY|icY2a.il¦Y2{}o0~Vaca¨ilaFoA&d 0¯k:nl~zYic«@¦Vd0a¨Y2{~zYi.ﬁo,nl¢d,~V{ZilSzncYbY|mLYX~:icezW qcq¨q|± : 70¶SDn2³8m+)ﬁaF%icS
EsjrMdA 9 0¶kPnc~zYi]r|q)ﬃ±  ?0¶S nCt?0¶¦Pk:icYba³B£z·jm¡o,nlTdAn{g~VSVd0a%¦ﬂYXYX~¶WZyz¤YXWZYX~:icY2{¶~¯dZeVa¨Ybn¨«
¤YX0YX¤0yznco0,ndAW icSVdAiW$dA¢0Yba&{znlYb}i}Xd,¤¤aQilojacYX~V{d,~V{
nlYb}XYX,YLez~V}ico,~Vao,:ilSzY Fwq®m }o,WZWez~z}Xd4ilo0~
¤¦znld,nck 2 mFR9:;4 £ FﬁncY,Vk0ÂDFﬁq®m a|deVacYXnc«@¤YX0YX¤}o0WZWÀez~z}XdAico,~¤¦zndAnlk$o,n<0¯k:nl~zYi%~zYXi.wo0nc¢$ilSVd4i
yVnco4P{gYbawicoilSzY
eVacYXnTWZo0a¨iTo,ilSzY0¶kPnc~zYXi|~zYi.ﬁo,nl¢ 4 awnldC yYbn¨o0ncW$dA~}Y,£DFﬁq®m a%}Xo,WZyﬂo0acYb{oAd
¤~:ezf¶{znc,YbnbÂﬂdA~¯YbWÀ¦ﬂYb{z{gY2{ }XoP{zY±YXfgYb}ezicYb{ ¦PkilSzY E&sjrMdALr|m ¤og}XdAicY2{¶o,~¶ilSzY:0¶kPnc~zYir|q)T³
d,~V{$deVacYXnc«@¤YX0YX¤z¤¦znld,nck0£ARTSzYjsjm)q8yznlo4:{gY2a8,Ybnck¦Vd,ac}TWZY2acaldA0Y%yVd,ala¨~zyznlWZic,Y2aj±ﬀﬂﬁﬃﬂÂ
ﬂ "!$#z³ﬂdA~V{ÀaeVaceVdA¤¤k
~VoAi~:icYb~V{gYb{ico]¦YﬁeVacYb{
¦PkilSzYwYb~V{P« eVacYXn¦zegiLnldAicSzYbn&¦Pkd|WZ{z{g¤YXTdAnlY
Ä@ÅﬁÆFÄ Ç
  ' 
"@$&%'$A(@*,+.-ﬁ% *	
 %"$$A"
#"@$ 9
aceV}S$d,a 0¯m)q*2  o,n9@G4 £0RTSzYbncY%dAnlYTWÀez¤icyz¤Y|nlYbd,aco,~a&o0n)eVac~V Fﬁq®mL£  nla¨ibÂ,°ia)a¨o0ezn}Y%}og{gY%aLnlYXYX¤k
dC4d,¤dA¦z¤Y,£8vPY2}o,~{Â)a¨~V}XY Fﬁq®m aZ~:icYXnlnlezygincYbYd,~V{ ac~V}Y°ia$d,ala¨og}XdAicYb{<o4,YbncSzY2d,{Da$dA¤WZo0a¨i
~VYX,¤,¦z¤Y0Â}Xo,WZyVdAnl~zr|m¡o0ncTdAn{g~z$yﬂYXnco,nlWZd,~V}Y2a|dA~{¶·|m¬o0ncTdAn{g~zZyYbn¨o0ncW$d,~V}Y2a%eVac~z
Fﬁq®m¯nlYbd,¤¤k],,Yba&~a¨,S:i&~ilSzYwd,Wo0ez~:i&oAgilWZYwicSVdAiaacyﬂYX~:i~À{zdAild%ilnld,~Va¨YXnao4,YbnicSzYﬁqct,x<¦zeaX£
RTSVYXnlYo,nlYMicSzY
o0¦gild,~zY2{hnlYbacez¤ilaT00YbaﬁeVa|d¤o4wYbnﬁ¦ﬂo,eV~V{ho,ilSzY
yﬂo0ala¨¦z¤Y]¦ﬂYX~VY¹zia%oAoA©ﬂ«@¤o0d0{g~V
ilSzYo,nlTdAn{g~VÀo,yﬂYXnd4ilo0~o0~:icoicSzYrjYi.ﬁo,nl¢q®~:icYXnc²d,}XY7)ﬁd,nl{Q£
SU#T  
» 2A	Z 6Z ¿-[¥¿  »¯»
4
6 » 	Z »/[  » 
RTSVY8YfgyYbncYX~}YbaQSVdC,Y8¦ﬂYXYb~
ncY2dA¤ nbYb{Mo,~icSVY8icSznlYXY8m*)ﬁaQoAPilSzY8icY2a.il¦Y2{1(bd%aco,eVnl}XY8m+)MÂbdﬁo0ncTdAn{g~z
m*)¬d,~V{d{gY2a.il~VdAico,~m+)M£ 0¶Y2acaldA0YbaTdAnlYa¨Yb~0iTnlo,W ilSzY
a¨o0ezn}Y]m+)MÂzyVd0acacYb{¦PkZicSzYo0ncTdAn{g~z
m*) dA~V{$nlYb}XYX,Y2{Z¦:kilSzYM{gY2a.il~d4ico,~hm+)M£gs% icYbnwnlYb}XYXP~zdA¤¤VilSzYjWZYbalaldA,Y2aLicSVY]{gY2a.il~d4ico,~$m*)
acYX~{za%dZWZYbalacd,,Y¦Vd,}¢icoicSzYa¨o0eznl}XYm+)¥ilo$~{g}bd4ilYicSzY}Xo,WZyz¤Yico,~­o,ilSzYicY2a.i± a¨YbY]¹V,eznlYba|Ł
d,~V{0³B£
uFd0}S­WY2acaldA0Yajyzncog}XYbala¨Y2{$\¥icSznlo,eV,SicSzY
o0ncTdAn{g~zZdA¤,o,nlicSzW\_d4i%ilSzY
o0ncTdAn{g~zm*)
¦ﬂYo0ncY­¦ﬂYX~z6acYX~:i$o,egi$ilo ilSzY¶~zYXi.wo0nc¢>£8s|¤¤|YfgyﬂYXnlYb~V}Y2a$}o0~Va¨a¨iZo,}Xo,WZyVd,nc~zDr|m o,nlﬁd,nl{g«
~z¶dA~{µ·jm"o,nlﬁd,nl{z~z£>´¡°ilS6·|m o,nlﬁd,nl{z~zÂﬂicSzY$Yb~0ilnlY$WZYbalacd,,YWÀeVa¨i¦ﬂYncY2}Yb0Yb{¯¦ﬂYo0ncY
a¨ild,n¨il~Vilo¶a¨Yb~V{µ°i¦Vd0}¢¶ico­ilSzY$~zYXi.wo0nc¢¯ac~}YZicSVY$m+)wqM¦VeVa
a
SVdA¤ «®{gezyz¤Yf¥±SzYb~V}Y0ÂicSza}bd,acY
}Xo,nlncY2a¨yﬂo,~{zaico d a¨ico,nlY«®dA~{P« o0ncTdAn{¯o0yYbnldAico,~³£&´¡icS r|m o0ncTdAn{g~zVÂ>ilSza}Xo,~Va¨icndA~:iÀ{goPYba
~Vo¤o,~z0YXnTYfga.i5(:icSzY0¶kPnl~zYXi%~zYi.ﬁo,nl¢Zaﬁez¤¤« {geVyz¤YXfacoÀilSzY
r|q)¥aT}Xd,yVdA¦z¤Y]oAacYX~{g~Vd,~V{hnlY«
}XYXP~za¨WÀez¤ild,~zYXo0eVac¤k0£:vP~V}YMWZYbalacd,,YbaFdAnlYj}egiﬁ~:iloÀyVd0}¢,YiaXÂ0°iﬁawyﬂo0ala¨¦z¤Y%icoa.idAnciFncYX« acYX~{g~V
ilSzYXW ilo¶icSzYh~zYi.ﬁo,nl¢ ¦ﬂYo0ncY$ilSzYXkµSVdC0Y$¦YbYX~6Yb~0ilnlYX¤kµncY2}YX,Y2{¥±²}ezi¨«@icSznlo,ez0SµicYb}SV~z /:ezYC³B£Lsja
ilSzYZ}egic« ilSznco0ez,S­ilYb}Sz~V /:ezYaM~zo,id,¤TdCkga|dAyzyV¤}Xd,¦z¤YwY%¤¤8dA¤a¨o¤oPo0¢dAiMilSzYrjm¬o0ncTdAn{g~z
a¨ico0ncYX« d,~V{P«@o,nlﬁd,nl{ilYb}Sz~V /:ezY$±WZY2acaldA0YbaTdAnlYYX~:icncYb¤khncY2}YX,Y2{¦ﬂYo0ncY¦ﬂYX~za¨Yb~:iT¦d,}¢z³B£
RTSzY­iloAidA¤%YX¤dAya¨Y2{6ilWZY¶aZWY2d,aceznlYb{ d4iZicSzY¯aco,eVnl}XYm+)#()icSzY¯aco,ezn}Y­}o0ez~:ilailSzY¶~PezWÀ¦ﬂYXn
o,wnlYbd,¤&ilWZY}¤og}¢¯}kg}¤YbaZ±²¦:k ncY2d,{g~z~:icoicSVYZ^LR!)ncYb,a.ilYXnB³|¦ﬂYi.ﬁYXYb~ ilSzY$a¨Yb~V{g~z­oAj[2,,0
WZY2acaldA0YbadA~V{ ilSzY$ncY2}Ybygico,~µoAﬁicSzYZ¹~VdA¤Fd0}¢P~zo4%¤Y2{g,WZYb~0iWZYbalacd,,Y0£>RTSVY$¤dAicYX~}k a
Y /0edA¤Lico
ilSzYico,ild,¤QYX¤dAyVacYb{hicWZYh±²}Xo,~P,Ybn¨ilYb{~­WZ}nlo0acYb}o0~V{za³F{zP{gYb{­¦Pk¯[2,,V[±ico$o0¦gild,~icSVY
¤dAicYX~}k
o0n%o,~zYWZYbalaldA,YC³B£gRTSzY
¦Vd,~V{g%{PicS­aTo,¦gidA~zYb{¦Pkh{gP{z~zilSzY
WZYbalacd,,Y
a¨+nXY¦Pk$ilSzY
¤dAicYb~V}k0£
SU	 

¿

¿

¼
6
»
Z 76 >
»

»/[
bg Z
¿[
RojWZyz¤YXWZYX~:i8r|m¯o0ncTdAn{g~z|ﬁYFSVdC0Y)WZog{g°¹Yb{
i.ﬁoj}Xo,WZyo0~zYX~:ia&o,-Fﬁq®m (2icSzYweVa¨Ybn¨« ¤YX,Yb¤,¤¦Vnld,nck
d,~V{¶ilSzY$YXW¦Y2{z{gY2{ }XoP{zY,£Qs ~zYXyznlWZic,Y  ﬂﬀﬁﬃ	ﬂ
  ﬃSd,a¦ﬂYXYX~Dd,{V{gYb{ ~ icSVYZsjm)qB£
E&¢0Y  ﬂﬀﬁﬃﬂÂ0icSza%yznlWZic,Ya|}Xd,¤¤Yb{%°ilS­icSznlYXY
d,nc0ezWZYX~:ila(PicSzY{zYba¨ic~Vd4ilo0~~VoP{zY?4 aT¤o0,}XdA¤
~PezW¦YbnbÂQicSzYh{Vd4ildA«@¦Veg©ﬂYbnﬃ4 a
WZYXWZo0nckµd,{z{gnlYbala$± ilSzYd0}BileVdA¤)WZY2acaldA0Y2³dA~{ ilSzYhac nbYoAﬁicSVYh{zd4idz£
s WY2acaldA0Y
a¨Yb~0i|%icS  ﬂﬀﬁﬃ	ﬂ
  ﬃ{g©ﬂYbnlaTnlo,W§d$WZYbalacd,,Y
acYX~:i|%°ilS  ﬂﬂﬁ ﬃZ~­i.ﬁo
TdCkga(,°iﬁicndA~Vacild4ilYbaF¦:kilSzY|o0ncTdAn{g~z
~zog{gY%\¡%Sz}S¤o,,}Xd,¤V~PezW¦Ybnwa)¹VfPY2{:\ dA~V{$iTSzo,¤{zaFd
ydAncic}ez¤dAn){gYb~0il°¹YXn±	z³£CRTSVYMr|q) YbWÀ¦ﬂYb{z{zYb{}XoP{zY|SVd,aF¦YbYX~WZog{g¹VYb{ha¨o
ilSVd4iﬁ°iT}Xd,~
{z°©>YXnlYX~:icd4ilY}¤d,ala¨}Xd,¤VFﬁq®m¡WY2acaldA0Ybaﬁnlo,W WY2acaldA0YbaTSzo0¤{z~zZilSzYﬀ{gYb~0il°¹YXn2£z´¡SzYX~
dZWZY2acaldA0Ya¨Yb~0iM%°ilS  ﬂﬀﬁﬃ	ﬂ
  ﬃÀdAnlnl0Yba%d4ijicSzY
o0ncTdAn{g~zZ~zog{gY,Â°i]ajncY2}o0,~z+nXY2{h¦Pk
ilSzY
r|q) dA~V{SVd,~V{g¤Yb{d,}X}Xo,n{g~z,¤k,£Ps% ilYXn|yznlog}Y2acac~VVÂ:icSzY
rjq)¬acYX~V{VaﬁicSzYWZYbalacd,,Y]¦Vd,}¢ZiloZicSzY
~VYi.ﬁo,nl¢Zico4TdAn{zawicSzY]¹V~Vd,¤&{gY2a.il~VdAico,~Q£
ÆwÆ ÍﬀACB;D;EF
[2   
   $
  
 "*,+C
   '	
 "1$A'+C @
)'
0
20
40
60
80
100
120
140
160
64 128 256 512 1024 2048 8192
ba
nd
wi
dt
h 
(M
By
tes
/s)
message size (Bytes)
No Forwarding
NP store-and-forward
NP cut-through
HP
(')+*, ,
ﬂ"%ﬀV!B5
1
6AX
2
6ﬁ6=ﬂ $
2
6ﬁ!
2S<
 5
1@2
ﬂ6 !
	 ﬁﬀﬃﬂ !+"$
Z
$ﬁ!#5
1
X C
q®~icSVY
o,¤¤o4%~zZﬁY]yVncY2a¨Yb~0i|YXfgyYbncWZYX~:ild,¤ncY2a¨ez¤ila%o,n|r|m¥o0ncTdAn{g~z­± o,n%¦ﬂoAilS¯a.ilo,nlY«®dA~V{g«
o0ncTdAn{Àd,~V{Z}egic« ilSznlo,ez0SilYb}Sz~V /:ezY2al³Ld,~V{o,nF·jmDo,nlﬁd,nl{g~zdA~V{W$dA¢0Y|}o0WydAnlaco,~Va¦ﬂYi.ﬁYXYb~
ilSzYi.ﬁoV£
SU21
h»
 ﬂ >²b
[
Á¬
»
X
½
0z
»
´µYT}o,~a¨{gYXni.ﬁo|i.kPyY2a&o,zo,nlTdAn{g~VjdA¤,o0ncicSzW (XicSzYﬁ¹Vna.io,~zY0Â2icSVdAiﬁYF~Vd,WZY '&* * 
"@$&%'$A(@*,+.-

t -7"@$&*%Â&{zo:Y2a~zoAiyﬂYXnco,nlW d,~:k }o,WZyzezild4ilo0~ YXfz}YXyziWZog{gkP~z­ilSzY$nlo,egilYZd,~V{ icSzY${gYX~:il°«
¹YXn~ Ybd0}SµWZY2acaldA0YSVYbd,{zYXnh±²%Sz}SDaW$dA~{zd4ilo,nlk¶ico¶nlo,egilY$Ybd0}SµWZY2acaldA0Yilo4ﬁd,nl{Va]icSzY$¹~VdA¤
{zYba¨ic~Vd4ilo0~³B£VRTSVYa¨Y2}o,~{ÂPicSVdAijﬁY]~dAWZY

"	 uﬀ 
 #+@ 
#+@ *A;
. 
"@$&%'$A(@*,+.-

t -."$&* /Â}Xo,~Vaca¨ila
~­~zoAi%o0~z¤khWog{gkP~VZicSzYnlo,egilYd,~V{icSzY{gYX~:il°¹VYbn|~Y2d,}SWY2acaldA0YMSVYbd,{zYXn%¦zegijd,¤aconcY2d,{g~zVÂ
yﬂYXnco,nlWZ~Vaco,WZY
}o0WyVegildAico,~¶dA~V{%nl°il~z$aco,WZY¦Pk0ilYbaT~­Ybd,}SWZYbalacd,,Y0£
 '&*   
"@$&%'$A(@*,+.-

t -7"@$&*%

,eVncYacSzo4|a|ilSVd4i]o,n]ilSzYa¨ico0ncYX« d,~V{P«@o,nlﬁd,nl{hicY2}Sz~z /:ezY,Âr|m
o0ncTdAn{g~zZ,,Y2a%¦YXi¨ilYXn]yYbn¨o0ncW$dA~}Yba%icSVd,~ ·|m¡o0ncTdAn{g~zZYX0YX~­icSVo,ez0S­icSzYÀi.wo¦dA~V{g%{PilS
}Xeznl,Ybaja.il}¢ico0,YilSzYXn2£RTSVYncY2d,aco,~­a%icSd4i]{Vd4ild$icndA~Va¨YXna%¦ﬂYi.ﬁYXYX~¯icSzY~VYi.ﬁo,nl¢dA~{­icSzYr|q)MÂ
d,~V{¦YXi.wYbYX~icSzYrjq)¡dA~{ilSzY
Szo0a¨i|dAnlYMyVyﬂYX¤~VYb{o,nTilSzY·|m o,nlTdAn{g~V}Xd0a¨Y0£VvP~V}Y]icSVY
qct,x
¦VeVa±²m+)wq¨³MaMo4,Ybn¨«®{gWZYX~Vaco0~zYb{~ o0ezn|ilYba¨icYb{QÂﬂm*)wq%icndA~Va¨YXnjicWZYba]¦Y2}o0WYdA¤WZo0a¨iM~zYb,¤0¦z¤Y,£
´¡SVYX~ ea¨~zilSzYZ}egic« ilSznco0ez,S­ilYb}Sz~V /:ezY0Â>rjm¬o0ncTdAn{g~z$¤Y2d,{zajicoWÀeV}S ¦YXi¨ilYXn]yYbn¨o0ncW$dA~}Yba
ilSVdA~¶·jm¥o,nlﬁd,nl{g~z£PRTSVYÀ}egic« ilSznlo,ez0S}Xeznc0Ya%0YXnlkh}¤o0acYicoZilSzY
~zo,« o0ncTdAn{g~z}Xeznl,Y%Sz}S
}Xo,nlncY2a¨yﬂo,~{za8iloÀilSzY]}bd,acYj%SzYbncY]WZYbalacd,,Y2aFdAnlYMacYX~:iﬁnco0W icSzY
aco,ezn}Y|icoicSzY
{gY2a.il~VdAico,~%°ilSzo,egi
0o,~z
ilSznco0ez,SZilSzYMo,nlﬁd,nl{g~z
~zog{gY0£P´¡SzYX~eVa¨~zÀicSzaw}Xegi¨«@icSVnco0ez,S$ilYb}Sz~V /:ezY0Â,o0ncTdAn{g~z}Xd,~
Ä@ÅﬁÆFÄ Ç
  ' 
"@$&%'$A(@*,+.-ﬁ% *	
 %"$$A"
#"@$ [0[
10
15
20
25
30
35
40
0 4.710.5 22 43.7 89.4
ba
nd
wi
dt
h 
(M
By
tes
/s)
δ (µ        s)
NP store-and-forward
NP cut-through
HP
() *,  , 
ﬂ"%ﬀV!B5
1 
6 ! 4
2

2
" 	
2
%
2
5Aﬀ
2 2
" 5
132 2	2
	
ﬁ
5A!B" 5A!EX
2

<
5
132 <
ﬁﬀﬃﬂ !#"$;ﬂ
Z
$ﬁ!#5
1
X ﬀ
1@2
"
2	2
$
	
ﬁ
5
2
 " 5
132
& ﬂ"%?5
1@2?2	2
	
ﬁ
5A!B" 5A!EX
2

<
5
132d<
=ﬀﬃﬂ>!#"$ ﬂ
Z
$=!+5
1
X ﬀ
132
"
2	2
	
ﬁ
5
2
 "H5
132
 
)
<
5 #
	ﬂ$;%('5
2
X
2
6ﬁ6=ﬂ $
2
6 C
¦ﬂY|d,}SVYb,Yb{dA¤WZo0a¨iFd4i8ilSzY%%nlY|acyYbYb{£,RTSVYbacY%o,¦VacYXnl,Y2{nlYbacez¤°ia)}o0ncnlo,¦ﬂo,nd4ilY)ilSzY%WZoP{zYX¤ 4 aFncY2a¨ez¤ila
acSzo4%~~­acYb}Bilo0~¯Łg£

"\ueﬀ 
&+  
 +ﬂ&*A;
 
"@$&%'$A(@*,+.-

t -7"@$&*% ´ YZeVacYÀi.ﬁohWZY2acaldA0YÀa¨+nXY2aXÂﬃ_  >=h¦:k:ilYbaZ± ¹V0eznlYG,³
d,~V{ 8_9 ]¦Pk:icY2aM±¹V,eVncY
 
³BÂ0o,nwicSVYMYXfPyﬂYXnlWYb~:ildA¤ﬂa.ileV{gk0£PRTSVYj¦Vd,~V{g%{PicS}eznl,Y2a)~¦o,icSh¹V,eznlYba
d,ncY$yV¤o,i¨icY2{D,YbnlaceVa PÂ ¦ﬂYX~z¶ilSzYh{g©ﬂYbncYb~V}Yh¦YXi.wYbYX~µicSzYhYfgYb}Xegico,~DilWZYo,ﬁilSzY$o0ncTdAn{g~z
d,¤0o,nl°ilSzW %SVYX~<YXfgYb}ezicYb{Do0~ icSVYr|m dA~V{ icSzYYfgYb}Xegico,~ ilWZYoA%icSVYo,nlTdAn{g~V¯dA¤,o,nlicSzW
%SVYX~YfgYb}XegicY2{o0~hilSzY·|mL£

,eznlY G a¨Szo4|abÂQo0n _  !=A« ¦:k:ilYWZY2acaldA0Y,ÂQilSVd4iZ ­a,nlYbdAicYbnicSdA~<d,¦o0egi _ !@SkicSzYb~ ·|m
o0ncTdAn{g~zyYbn¨o0ncW$aF¦YXi¨icYbnFilSVdA~rjm6o0ncTdAn{g~zV£ARTSza)aFicnlezY|¦ﬂoAicSo,n)ilSzYMa¨ico0ncYX« d,~V{P«@o,nlﬁd,nl{
d,~V{icSVYj}egic« ilSznlo,ez0SZ}bd,acYbab£

o0n\_  >=,«@¦Pk:icYTWZYbalacd,,Y2aXÂCilSzYM}Xegi¨«@icSznlo,eV,SicY2}Sz~z /0eVYj{goPYba8~VoAiF¤Ybd0{
iloZ¦YXi¨icYbn|yﬂYXnco,nlWZd,~V}Y2awicSVd,~ilSzYa¨ico,nlY«®dA~{P« o0ncTdAn{icY2}Sz~z /:ezY,£

o,n83_9 4«@¦Pk:icY|WZY2acaldA0Yba]± ¹V0ezncY
 
³ÂPicSzY}Xegi¨«@icSVnco0ez,ShicYb}SV~z /:ezYMild,¢,Y2awYX©ﬂY2}Bijd,~V{$ilS:eaT,,Yba
¦ﬂYicicYbn$yYbn¨o0ncW$dA~}YncY2a¨ez¤ilailSVdA~ icSzY¶a¨ico0ncYX« d,~V{P«@o,nlﬁd,nl{ icY2}Sz~z /:ezY,£8´¡icS icSVY¤d4icicYbnbÂ8  a
0ncY2d4ilYXnicSdA~<d,¦o0egi_9@Sk$ilSzYX~ ·|mo0ncTdAn{g~z­yYbn¨o0ncW$a¦ﬂYicicYbnÀilSVdA~6rjmo,nlﬁd,nl{z~z£&·|o4T«
Yb,YbnbÂ:%°ilShilSzY}egic« ilSznco0ez,ShicY2}Sz~z /0eVY,Âgr|m o,nlﬁd,nl{z~zÀ¤Y2d,{zawico¦ﬂYi¨ilYXn%yﬂYXnco,nlW$dA~V}XYbaFicSVd,~·|m
o0ncTdAn{g~zo0njdÀeVyilo :!@Sk,£Pq ijaﬁico$¦ﬂY
~zo,icYb{ilSVd4i%ilSzYbacY
ncY2a¨eV¤°ia%dAnlY]0YXnlk}¤o0acY]icoZicSVo0acY]o,
o0eznTo,nlTdAn{g~VÀWZog{gYX¤F± a¨YbY
a¨Y2}Bico,~¶Łg£ :³£
ÆwÆ ÍﬀACB;D;EF
[CŁ   
   $
  
 "*,+C
   '	
 "1$A'+C @
)'
50
60
70
80
90
100
110
120
0 4.710.5 22 43.7 89.4
ba
nd
wi
dt
h 
(M
By
tes
/s)
δ (µ          s)
NP store-and-forward
NP cut-through
HP
() *,  , 
ﬂ"%ﬀV!B5
1 
6 ! 4
2

2
" 	
2
%
2
5Aﬀ
2 2
" 5
132 2	2
	
ﬁ
5A!B" 5A!EX
2

<
5
132 <
ﬁﬀﬃﬂ !#"$;ﬂ
Z
$ﬁ!#5
1
X ﬀ
1@2
"
2	2
$
	
ﬁ
5
2
 " 5
132
& ﬂ"%?5
1@2?2	2
	
ﬁ
5A!B" 5A!EX
2

<
5
132d<
=ﬀﬃﬂ>!#"$ ﬂ
Z
$=!+5
1
X ﬀ
132
"
2	2
	
ﬁ
5
2
 "H5
132
 
)
<
ﬀﬃ! "#>$;%('5
2
X
2
6ﬁ6=ﬂ $
2
6 C
  QSR L %Q ﬃ K ﬁ'
Ro$o,eVn|¢P~zo4%¤Y2{g,YYbCd,¤ed4ic~zd,~V{­WZoP{zYX¤~zZilSzYÀyﬂo0alac¦z¤Y
yﬂYXnco,nlWZd,~V}Y:dA~VaTicSd4iM}bdA~­¦Yo,¦g«
idA~zYb{heVac~zZr|YXi.wo0nc¢Zm)nlog}Y2acaco,na)o0nﬁacWyV¤Y~zYXi.wo0nc¢P~zÀo0yYbnldAico,~VawSVdC,YM~zoAiT¦ﬂYXYX~­a¨iceV{gYb{~
ilSzY
¤°ilYXnd4iceVncY]k,YXib£VRTSzY
nlYX¤d4ilYb{hncY2a¨Y2dAn}Shﬁo,nl¢PaT{gY2ac}Xnc¦ﬂYb{¦Yb¤o4 YfgyYbncWZYX~:ijr|YXi.wo0nc¢$mFncog}Y2a.«
aco,nawo,n|acyY2}¹}]ild0a¨¢gab£
Z£6)og}XezW dA~{ d,¤ £8SdC,Y­{gYX0YX¤o,yﬂYb{ mLdCkP¤o0d0{ )ﬁd,}SV~z 2 67)ﬁ04@Â)dµilYb}Sz~V /:ezYicSd4iegil¤ nbYba
ilSzY$WZYXWZo,nlk¶oAﬁicSVYr|q)o,n}Xd0}Sz~z{Vd4ild­RTSza
ﬁo,nl¢¶anlYX¤d4ilYb{ ico­o,eVnla~µicSzYacYX~VacYicSVdAi°i
d,W$awicoYX~VSVdA~V}XYMﬁo,nl¢ga.id4ilo0~g«@¦d,acYb{o,nlﬁd,nl{z~zYﬃ/:ezyzWZYX~:ilab£g·|o4ﬁYX0YXn2Â,m8dCkP¤o:d,{	)ﬁd0}Sz~VÀeVacYba
d
icYb}SV~z /:ezYM}o,WZyz¤YilYX¤k{z°©>YXnlYX~:i)nlo,W o,ezna(A~hmLdCkP¤o0d0{ )ﬁd0}Sz~zVÂ4ilSzYMrjq) }Xd,}SVYba)d
yﬂo,ncico,~$o,
~V}Xo,WZ~VWZYbalacd,,Yba
±icSzYyVdCkP¤o:d,{V³%¦YXo,nlY
icndA~Va¨YXnlnl~zilSzYXWªezy¶ilo$icSVYÀSzo:a.i 4 ajWYbWZo,nlk,£RTSVYX~QÂ
>icSzY]·|m<{zYb}{gY2a8icoo,nlﬁd,nl{icSVYj{zd4id
%icSzo0egiwWZog{gk:~zibÂPdA~{Z°>icSVYM{zdAild
aFa¨ic¤¤yznlYbacYX~:iF~
ilSzYMrjq) 4 awWZYXWZo,nlkilSzYX~°iﬁawa¨Yb~:iwoA©¶{gncY2}Bil¤knco0WﬃilSzYMrjq)M£:sj~hYXfg}SdA~z0Y%¦YXi.wYbYX~ZicSVYjSzo:a.i 4 a
WZYbWo0nckdA~V{ilSzYrjq) 4 ajWZYXWZo,nlka%ilSPeVaMdC0o,{gYb{Q£gmLdCkP¤o0d0{ )ﬁd0}Sz~zZicnlY2a%ilo¦Yb~zY¹ViMnlo,W icSzY
0ncY2d4i /:eVd,~0il°i.kDo,|WYbWZo,nlk YbWÀ¦ﬂYb{z{gY2{ o,~DilSzY­r|q)%SzYbncY2d,a
o0eznÀﬁo,nl¢µd,W$ad4ia¨ice{gkP~z icSzY
yﬂo0alac¦z¤Y%yﬂYXnco,nlWZd,~V}YT¦ﬂYX~zYX¹zilaF%SzYX~$W$d,¢:~z
eVacY%oAﬂicSVYj}o0WyVegic~zyﬂo4wYbn8yznlYbacYX~:i)o,~icSVYjr|q)M£
v>£C´DdA¤ico0~dA~{ÀdA¤@£Cd4i¨ilYXWZygiL~	2 ´¬·MR9 : 4:ilojYb~zSVdA~}YwicSzYﬁyYbn¨o0ncW$d,~V}Y2aQoAwo0nc¢ga¨ild4ilo0~g« ¦Vd,acYb{
nlo,ezicYXnab£ARTSzY%{zYbd¦ﬂYXSz~V{icSVaFwo0nc¢
a)0YXnlkÀ}¤o0acYﬁicoicSVY|o,~zY%¦ﬂYXSV~V{Zm8dCkP¤o0d,{ )ﬁd,}SV~z (CicSzY%m*)wq
¦VeVa~µilSzYZm+) d,nl}SV°ilYb}BileznlYndAyz{g¤k¯¦ﬂYb}o0WZYbaMicSzY$¦ﬂoAicic¤YX~zY2}¢ aco­acSzo0n¨ilYX~z~zicSzY{zdAildA«@yVdAicS a
}Xnce}dA¤@£8q®~ ilSza$wo0nc¢ {zd4id 0oPYba${gncY2}Bil¤k<nco0W icSzY ~zyVegir|q) icoDilSzY¶o,ezicyzegihrjq) %°ilSzo,egi
Ä@ÅﬁÆFÄ Ç
  ' 
"@$&%'$A(@*,+.-ﬁ% *	
 %"$$A"
#"@$ [2
a¨ild,,~z¦Pk­icSVYSzo:a.i 4 aMWZYXWZo,nlk,£>·|YbncYdA:dA~­icSzYZ}o0WyVegic~zyo4ﬁYXnMyzncY2a¨Yb~:iMo,~ icSzYZr|q) a]~zoAi
eV¤¤khYXfPyV¤o0°ilYb{£
R£CvPyVdA¤~z¢Md,~V{dA¤@£XdAnlY8¦zez¤{z~z|d%acoA i.TdAnlY« ¦Vd0a¨Y2{|nlo,egilYXneVac~V%~zYi.ﬁo,nl¢|yznlog}Ybalaco,na 2 v m?V[4 £
RTSVYnlo,ezicYXnayVdAncic¤k¶WyV¤YbWYb~:icYb{µo0~ d­r|q)%Sz}Sµa¦Vd,acYb{ o,~ icSzY$q®~:icYb¤8q jm|[CŁA0~zYXi.wo0nc¢
yVncog}Y2acaco,n!23)wo0nl054@£zRTSzaﬁr|q) aw²dAnc¤k$}o,WZyz¤YfÂPiT}Xo,WZyznlacYbaﬁa¨f _  ?0¶¦ﬂtAa)u8ilSzYXnl~zYXiTyﬂo,ncilaﬁdA~{
i.ﬁo _?]¦ﬂt4aju8icSzYbnc~VYiyo0n¨iajdA~{¶ajicSPeVaMYbacyﬂYb}dA¤¤k{gY2a¨,~VYb{­o0njnlo,egil~z£ Aj~z¤¢0YicSVaMwo0nc¢wY
TdA~:iTicoog}ea%o,~¤Y2aca%acyﬂYb}¹}SVd,nl{zﬁd,ncY0£
0¯d,¢P~z eVacYDoArjYi.ﬁo,nl¢ mFncog}Y2acaco,naaoA~:ilYXnlYba¨i~ o,icSzYbn¶dAnlYbd,ab£ﬁ´ o0nc¢gayznlYbacYX~:icY2{¬~
2 ´¡´¬,;4d,~V{ 2 ´¬R%z[4dAi¨ilYXWZygiﬁicoYX~zSVd,~V}Y 0¶m)q)WZyz¤YXWZYX~:ildAico,~Vaw¦Pk$WZo4:~zÀaco,WZY 0¶m)q)eV~V}B«
ilo0~Va
o0~0iloicSzYhrjq)ﬁaX£&q®~ 2 )%x  9 94waÀyzncY2a¨Yb~:icYb{µd­,¤o,¦dA¤8WZYXWZo,nlk ackga.ilYXW ilSVd4i¦Yb~zY¹zianlo,W
rjYi.ﬁo,nl¢$m)nloP}XYbala¨o0nlab£
  ﬁ'#"_R  #ﬃ!%  M DQﬃO L 
q®~¯icSzajydAyﬂYXn]wYSVdC,YyVncY2a¨Yb~0ilYb{¶dhWog{gYb¤d,~V{¯d,~¶YfgyYbncWZYX~:ild,¤a¨ice{gk­oA8icSVYÀo0ncTdAn{g~z$o,yg«
YbnldAico,~Q£QxMezn]WZoP{zYX¤8dA¤¤o4|a|ico­}o0WydAnlYicSVYyﬂYXnco,nlW$dA~V}XYba|o,)icSVYÀo0ncTdAn{g~zo,yﬂYXnd4ilo0~¯%SzYb~
yﬂYXnco,nlWZYb{¥o0~¡icSzYµr|YXi.wo0nc¢ q®~:icYXnc²d,}XY )ﬁdAn{¥%icS¡ilSzo0acY o,
icSzY o,nlﬁd,nl{g~z o0yYbnldAico,~¡%SzYb~
yﬂYXnco,nlWZYb{ o,~¯ilSzYZ·|o0a¨im)ncog}XYbala¨o0nbÂﬂ°i}bdA~¶ilS:eayzncY2{g}Bi%SzYX~µr|m o,nlﬁd,nl{z~zh¤Y2d,{zajico­¦ﬂYi¨ilYXn
yﬂYXnco,nlW$dA~V}XYbab£RTSzYZYfgyYbncWZYX~:ild,¤8ncY2a¨eV¤°iao,¦gidA~zYb{ %°ilS o0eznacoA i.TdAnlYÀyznloAiloAi.kPyY$}Xo,nlnco0¦o0nldAicY
ilSzY]ncY2a¨ez¤ilaﬁo0¦gild,~zY2{%icSicSzYWZog{gYX¤@£P´ YSVdC0Yj~:icnloP{zeV}Y2{$i.ﬁo{g©>YXnlYX~:iTrjm<o0ncTdAn{g~z
ilYb}Sg«
~V /:ezY2a(Aa¨ico0ncYX« d,~V{P«@o,nlﬁd,nl{
d,~V{Z}egic« ilSznco0ez,S&£ARTSzY%}egic« ilSznco0ez,SicY2}Sz~z /:ezY|}o0~Va¨a¨ilaL~yzyﬂYX¤~z~z
ilSzYacYX~{6± nlo,Wªr|q) iloh~zYXi.wo0nc¢z³TdA~{¶ncY2}Yb0Y± nlo,Wª~zYi.ﬁo,nl¢ilorjq)T³%o,yﬂYXnd4ilo0~Vab£RTSza%ilYb}Sg«
~V /:ezYZdAyzyV¤YbaM%SzYX~ o,~zYo,~V¤k¶~zYbYb{zajiconlYbd,{¶icSzYZWZYbalacd,,Yo0nM%SVYX~ o0~zY~zYXY2{zaMico%ncicY~ icSzY
WZY2acaldA0YFSzY2d,{gYbnnlYX:dAn{g¤YbalaQoAicSzYTnlYba¨io,zicSVYﬁWZY2acaldA0YM±%SV}SW$dCk
SVdC,Yﬁ~zoAiL¦ﬂYXYX~nlYb}Yb0Yb{Àk,YiB³B£
q FicSzYWZYbalacd,,YSzY2d,{gYbnMWeVa¨i]¦ﬂYWZog{g¹VYb{ nlYX0d,nl{z~zZilSzYncY2a.ioA8ilSzYZWY2acaldA0Yh±Y0£ £}SzYb}¢gacezW³
ilSzYX~ o,~z¤khilSzYÀa¨ico0ncYX« d,~V{P«@o,nlﬁd,nl{icYb}SV~z /:ezYdAyzyz¤Ybab£RTSza|ilYb}Sz~V /:ezYÀ}Xo,~Vaca.ia|~¶ncY2}YXP~V$icSzY
Yb~:icncY%WZYbalaldA,Y%¦ﬂYo0ncY|a¨ild,n¨il~V
ncYX« acYX~V{z~z
i)ilo
icSzYj~zYi.ﬁo,nl¢>£ARTSzYj}ezi¨«@icSznlo,ez0SicYb}SV~z /:ezYj,,Yba
WeV}SD¦YXi¨ilYXnyﬂYXnco,nlW$dA~V}XYba]icSdA~DicSVYa.ilo,nlY«®dA~V{P«@o,nlTdAn{­icY2}Sz~z /0eVY,ÂQY2a¨yﬂYb}Xd,¤¤k¯o0n¤d,nc0YWZY2a.«
aldA0Ybab£

o,n _  >=,«@¦Pk:icYMWY2acaldA0YbabÂ0¦ﬂoAilShilYb}Sz~V /:ezY2aTyYbn¨o0ncW ¦ﬂYicicYXnTilSVdA~o,nlTdAn{g~V{zdAildd4iTicSzY
SVo0a¨iF¤Yb,Yb¤V%SzYb~$icSzY]{g©ﬂYbncYb~V}YM¦YXi.wYbYX~ZicSVYMYXfPY2}egilo0~ZicWZYjoAilSzY|o0ncTdAn{g~z
dA¤,o0ncicSzW %SzYb~
YXfgYb}ezicYb{o0~­icSzYÀrjm¬dA~V{ilSzYYXfPY2}egilo0~icWYÀoALicSzYo,nlﬁd,nl{g~zZdA¤,o0ncicSzW %SzYX~¶YXfgYb}ezicYb{o0~
ilSzYr|m ± A³]a¤o4wYbn]icSVd,~µo0nYﬃ/:eVdA¤Lilo_ !@Sk0£VFﬁYXk0o,~V{¯icSzailSzncY2a¨SVo,¤{ ·jm o0ncTdAn{g~zh¤Ybd0{za]ico
¦ﬂYicicYbnjyﬂYXnco,nlWZd,~V}YnlYbacez¤ilab£

o0n583_9 C« ¦Pk:icY]WY2acaldA0YbabÂg%°ilS­icSzY}Xegi¨«@icSVnco0ez,SicY2}Sz~z /:ezY,Âz a
¤o4ﬁYXn
ilSVdA~6o0nÀY /0edA¤)ilo : >@SkicSzYb~<iaÀﬁo,ncicS yﬂYXnco,nlWZ~z¯icSzYho,nlﬁd,nl{g~z¶o0yYbnldAico,~6d4iicSzY
rjq) ¤YX0YX¤@£

o0nFd
acWZyz¤YTo,nlﬁd,nl{z~zdA¤,o0ncicSVWﬃr|mDo0ncTdAn{g~zM%icSZilSzYj}Xegi¨«@icSznlo,eV,SicYb}SV~z /:ezY
00Yba =  oALWyVnco40YXWZYX~:ib£
´¡SzYb~ rjmo,nlﬁd,nl{z~z¶aea¨Y2{DicSzY·|o:a.im)ncog}XYbala¨o0nÀ{goPYbaÀ~zoAiyVdAncic}yVd4ilY~ icSzYho,nlﬁd,nl{g«
~zZo,yﬂYXnd4ilo0~dAi|dA¤¤ ÂgilSzYXnlYo0ncY0ÂgdAyzyz¤}Xd4ilo0~VaTnlez~z~z~zZo,~icSVY·|m¡}Xd,~¦ﬂYX~VY¹zi%nlo,WWZo0ncY)wm A
nlYbaco,eVnl}XYbab£RTSzYZyﬂo0ala¨¦z¤YyﬂYXnco,nlW$dA~V}XYÀ0d,~ o,¦gidA~zYb{ ¦Pk¶o$o0d0{g~Vaco,WZYSVo0a¨i]W$d,}SV~zY74 a]~zYXi¨«
ﬁo,nl¢P~Vid,ac¢gaTo,~:icoZilSzYÀr|m¡a|~VoAijY2d,ack$icoWZY2d,acezncY0g~zoAiMo,~z¤kd,ncY
aldC,Yb{ )wm Aﬃ}kg}¤Yba%¦VegiMdA¤aco
}Xo,~:icYXfPi]ac%°i}SzYba]dA~V{¯yo:acac¦V¤k¶}Xd0}SzYd,~V{¯R:EﬃF WZacacYbab£0A|~:ic¤L~zo4
ÂﬁYÀSdC,Y~zo,ia¨ice{gY2{¯yznlY«
}XacYX¤kicSza|oZo:d,{Y©>Yb}ib£ﬂ´ YÀyz¤d,~­icoa.ileV{gkicSVdAij~ ncY2dA¤«@¤°Y}Xo,~:icYXfPilajd,~V{icSVY~zYfPia.ilYXy¶a%ico
ÆwÆ ÍﬀACB;D;EF
[b   
   $
  
 "*,+C
   '	
 "1$A'+C @
)'
WZo40Ya¨o0WYyznloAicog}Xo,¤8ez~}Bico,~a±²Y,£ V£q®m¹VnlYXTdA¤¤~zVÂd,}ic,Ynlo,egilYXnaez~V}ico,~Va³Ào,~:ico¶ilSzYrjq)
d,~V{a.ileV{gkilSzY
nlYXyﬂYXn}eVala¨o,~aFilSzaTSVd,aTo0~ilSzYdAyVyz¤}XdAico,~Vaﬁnlez~z~z~zZo,~ilSzY·|o:a.i%m)nlog}Ybalaco,n2£
 Q  Q  Q !"eQ 


$
	§Å 

Ó)0ÕÍﬁ$Ó1:ÕÍ4ÏXÍ-)Æ É0Õ8 )0ÕlÒ	ÏXÍ?ﬀAÒ	 Í:Õ
I
Ç 92ÏbÐ>
I
ÔgÕlÒ
I
ÊAÕÓ2Í*)
ÎÓﬁBÏJ8
I
Ç)Ò.ÕBÏ
ÅﬁÕ !LÓXÒ	"QÄ Íﬀﬂﬁﬃﬁﬁ! !
	  ":Ô:Ï92ÕlÑ$#"
%'&)(*0ÕÐ0Ò.Ì:ÏXÒﬀ E+)
 $8Ë$)"	-, $ÓCÏ)
ﬀ. ÊCËﬁÍ*92ÏbÍ*)/0 '0ÕÕ8 Õﬀ*1ﬁÑ Í*9TÉ MÐgÕF)*),ÕF)jÅwÕ!ÓbÒ	"
 
Ò.ÓﬁlÕÑ®Ñ®ÓbÒ.Ñ .ÓTÄ
Ô>8°Õ
ÕÍﬁ
8 Ó2ÐPÏJ8*Õ
ÓbÒﬀ2ZÏbÍ:Ï92Õ
ÕÍﬁU Í|Ï3­ÓbÒ	"AÑ%¨Ïm	°ÓbÍ $R8°Ì0Ñ%.ÕlÒ+CÄ Í
0-132
ﬁ7! $
1
5
1
ﬂﬁﬃﬁﬁ4ﬁ"35
2
ﬁ"%ﬂ5A!A"%ﬂ
Z
5
'JX
8
6 !
ﬁ
X
" ! $
1

2

<
 X ﬂ" 	
2  
!#6 5A=! %
ﬁ
5
2
76SX
8ﬂﬁ
5A!+"$)ÆwÕF),Ó2Í*)0Ó

ÕBÏG1H$LÏ8:ﬂÓbÒ.Í>°Ï*
ÇwÌ>92Ì:Ñ%E8.)*
 $ÓXÒ F5F
	 Ä@Íﬁ.Õ8^$ÓXÒ.ÔgÓbÒ¨Ïm	°ÓbÍ Ä:9
 
E+#FFhÅwÕ!ÓbÒ	"
 
Ò.ÓﬁÕÑ®Ñ®ÓbÒ TÏJ¨ÏbÑ10ÕÕ+ÊAÕÔ>.ÕMÐgÕlÒ/#F5FF*<;'=.=)>?A@@
BBBﬃCAD+E
=FG
CﬂH.I8J
@"KF'L
D"M"E
@
E
F.=
B*I)N)O
@">
N'I
K)P
H
='L.@
E
>'QR
JD
G)S'@
D)T
>U
VWW
C
;'=
J

 0ÓbÒX+	 ÕÑ®Ñ.Ï9bÕ
 
ÏbÑ®Ñ Í>9FÄ Íﬁ.ÕlÒﬂ ÏJÕY0ÓbÒ.Ì*Z.
 
Ä\[Ç 
ÕlÑ®Ñ.Ï92ÕQÔ:ÏbÑ®Ñ Í*9FÑ%¨ÏbÍ*):ÏXÒG)+2Ì0Í:Õ E+)'CÇ bÏ8°ÏbÐ*8 Õ
ﬂÒ.Ó];==)>?A@.@
BBBﬃC^J
>
D'_
Q
I)N
P
JYCAI)NM
@"K
IH
L.@"K
IH
L
C
;*=
J
G*

 ﬃ`
.a
	 Îﬃ
 
Òﬀ>88FÏbÍ*)


`
ÓbÌ0Ò¨ÏbÍ> 10ÕBÏbÌ

Ä
 
[Ç Í:Õ !
 
Ò.ÓJ.ÓﬁÓ8OTÕÑ92Í0ÕF) ﬂÓbÒ#@91
 
ÕlÒﬂÓbÒ	ÏXÍ*Õ
ÅﬁÕ !LÓXÒ	"
 Í>9¶Ó2Í?ﬀAÒ	 Í:Õ+ Ä@Í  6ﬁ50b dc6
1

8
" 
2
=6="/ﬂ
Z
6SX
8 ﬁ
5
2
.%ﬁﬂ6
2
]&
2
5Aﬀﬃﬂc6fe
<
b dc6 5Xﬂ5A!A"36 #g6 $A&ebih "ﬃ

>CÓ8 Ì*
Õ!E+&)a.a]ÓJﬂﬃj
2
	 59C&:5
2
6 !+"k6SX
8
C
5
	 !
2
" 	
2
0ÔPÏJ92ÕÑ B;D)#+%
Ba.'zÊAÔ0Ò	 Í*9bÕlÒ
I
 ÕcÒ	8ÏJ9:ÇwÔ,Ò	 8 E+).a'

ÆwÏ-FF"	 ÆﬁÏJY:=
 
|$()D
Éi	10ÕlÒ.Í:Õ )ÅﬁÄ$lm#FF5F'ﬃ;'=.=)>?A@@
BBBﬃCnN
R
JoD"TCAH.I8J
@
>
N'I
K)P
H
=*L.@
D
E
KF
TﬃC
>;>m

Ê'p
 
*F Eq	
`
gÊ,Ô:Ï8 Í*"ogÊorp|ÏÒ	8°ÍgÎ
 
Õ.ÕlÒ.Ñ®ÓbÍPÏbÍ-)s,mﬁÓ	8 ÕÐ

Ì*8 )> Í*9ÏÆFÓ2Ð0Ì:Ñ%wÊ,ÓJﬂW !8ÏXÒ.Õ
I&
ÏbÑ®ÕF)
ÆwÓbÌ>.ÕlÒg1ﬁÑ Í*9
ÅwÕ!ÓbÒ	"
 
Ò.ÓﬁÕÑ®Ñ®ÓXÒ.Ñ8%Ä@ÍH7 	
2 2
!#"	$6 
<
5
132
 ﬃ 5
1
t6u 
5
'JX
8
6 !
ﬁ
XP"ve
8
$
2
 ﬂ5A!+"$
5
'6 5
2
X 6 7ﬁ!#" 	 !
8-Z 2
6 
5
e
5


PË.Ó2ÐgÕlÒg#F5F E)

3@
`
.a
	Ê3­Ï8:.Ó2Í,Çt@ﬁÌ>.ÓbÍAÏXÍ-)w
`
Ó2Ì*G1ÉxY ÕÍﬁﬃ@O91
I
ÊAÔgÕÕF) %Ïm¨Ï
 
Ïm	1:Ñ ﬂÓbÒLÄ
 
:ÓXÒ!8ÏXÒG)
 Í*9
Ì:Ñ Í*9 @ﬁÓbÑ%

ÏXÑ®ÕF) ÆwÓbÌ>.ÕlÒ.Ñ8 Ä@Íf7 	
2 2
!#"$6 
<
5
132
"5
1
ﬂﬁﬃﬁﬃﬁyb dc6
1

8
"7j	 ﬂ
Z
ﬂ"%
 
2
5A 
8

Z
!#5Xﬂ" 
2
ﬂ &
2
5Aﬀﬃﬂc6X:ÔPÏJ92ÕÑ'B(+%*.#gÅﬁÓmCÕ]ÐgÕlÒE+.)a*

3
`
F Eq	 Æt)3­ÕÑ%®Ò.Õ8  ÍÏXÍ-)


`
Ó2Ì0Ò¨ÏXÍ*G1:ÕBÏXÌVÊAÌ:Ô0ÔgÓbÒ ﬂÓbÒ
 
ÄÏmN	10Õ)Í:Õ !LÓbÒ	"  Í.ÕcÒﬂ ÏlÕO8 ÕCÕ8zzÄ Í<ﬃ 5
1
ﬁ
ﬁ
>
8@2
ﬂ" #

 |{ 
Z}
6
2
=6~d>
ﬁ8
 
2 2
5A!#"$),Ê,ÏbÍﬁ.ÓbÒ	

`
1:ÕlÒ¨Ï QÄ Ñ8°ÏbÍ-)'wÒ.ÕÕÕ.0Ê,ÕlÔ>.ÕMÐgÕlÒ
#FF E.zÊ,Ô0Ò	 Í>92ÕlÒ
I
 &ÕlÒ	8°Ï9i.Ó
ÏXÔ:ÔgÕBÏÒ+

3!3 F5F
	 Çtﬃ3   ÕﬀCÕlÒ¨ÏJ.Í:Ï ÏbÍ*)µÇ3­Ï92Í0ÕlÒ+
 
Ä
I
Å
 
Ä®Ä\[ÇÅwÕ!ÓbÒ	"
 
Ò.ÓﬁÕlÑ®Ñ®ÓbÒ

ÏbÑ®ÕF)ÕlÑ®Ñ.Ï92Õ
ZÏbÍ:Ï92ÕcÒ/ﬂÓXÒw
 
Ä\Ä@Ífﬁ"35
2
ﬁ"%ﬂ5A!B"%ﬂ
Z
6S"
< 2

2
" 	
2
"6SX X
ﬁ
"3! 	ﬁﬂ5A!B"l!#"76SX
8 ﬁ
5A!#"$)>ÎﬂÏbÑ
 Õ9CÏbÑ8m2Ì:Í0Õ#FF5F'

, $ F5F
	 p/u,ÓﬁÌ*ÏXÍ-)ki$R1PÏbÑ®Õ)
 
Ïﬀ>8 Ó2Ï) $LÏG1* Í*9*[n@91
I
Ê,ÔgÕÕ)z%ÏJ¨Ï0ÓbÒ!8ÏÒG)> Í*9<ﬂÓbÒ]ÅﬁÕ !LÓbÒ	"
Ä@Íﬁ.ÕlÒ	
ÕF)
°ÏXÒ	 ÕÑ8QÄ@Í.#   
}5
ﬁS&lA
0%2
	
1
"3!
	 ﬂ
Z
6S"
< 2

2
" 	
2
 TÕÕ]ÐgÕcÒ#FF5F*
Ä@ÅﬁÆFÄ Ç
Unité de recherche INRIA Rhône-Alpes
655, avenue de l’Europe - 38330 Montbonnot-St-Martin (France)
Unité de recherche INRIA Lorraine : LORIA, Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - BP 101 - 54602 Villers-lès-Nancy Cedex (France)
Unité de recherche INRIA Rennes : IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Rocquencourt : Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)
Unité de recherche INRIA Sophia Antipolis : 2004, route des Lucioles - BP 93 - 06902 Sophia Antipolis Cedex (France)
Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 Le Chesnay Cedex (France)
  	


  
ISSN 0249-6399
